INTRODUCTION
Acoustic emission (AE) measurements are used to assess the degradation of loaded structures with time. Structures are routinely monitared over long time scales by measuring the energy of AE events at one or more locations on the surface of the structure, a rapid increase in the measured AE activity indicating the onset of failure. Thus the measurements can be said to be comparative, being only relevant to the structure under test and not widely comparable with the responses of other structures. An improvement in the applicability of AE monitaring could be gained if the measured AE activity could be directly related to the source strength. 1t would then be possible to detine a critical source energy in a similar way to that of the critical crack length used in fracture mechanics.
The major obstacle to using this approach is the uncertainty regarding the relationship between the measured AE activity and the actual energy released by the source. The location of the AE source is not generally known, making it impossible to account for the effect that this may have on the measured AE energy. A source located close to the measurement point may appear worse than one of equal energy which is located much further away. It is this problern which is addressed in the current work and the applicability of a diffuse tield assumption is tested. The motivation for this work was provided by Rolls Royce plc. for application on existing turbine disk burst tests.
Acoustic Emission sources generate broadband ultrasonic waves within structures. It is the aim of the current work to verify experimentally whether a diffuse field approximation is valid for the tield generated by such a source in a finite plate with regular boundaries. The applicability of the diffuse field approximation to more complex structures will then be investigated. The results of the experiments will be compared with a statistical energy analysis (SEA) model. The SEA approach will be used to predict the energy partitioning between propagating modes and areas of the structure.
Plate structures have been used throughout, thus restricting the propagating modes present to be Lamb modes. The excitation frequency and bandwidth have been chosen such that only the fundamental modes (So and Ao) can exist. Furthermore, due to the method of excitation and reception employed in the experiments the Ao mode will dominate. Therefore, not only is the field produced two dimensional but in many cases it will consist of a single propagating mode.
Research has previously been carried out into the use of diffuse field assumptions for AE. Theoretical predictions [1] [2] [3] [4] for the behaviour of diffuse bulk waves in solids have led to the conclusion that, due to mode conversion at the boundaries, the partition of energy between bulk modes will be 97% shear and 3% longitudinal regardless of initial conditions. Experimental work [5] has demonstrated that, for a plate with randomly cut edges, the field generated by a point source is indeed diffuse given sufficient time. However, the time taken for the diffuse field to develop was not reported.
A reetangular plate has been used in this research to see if these conclusions hold even for a more regular structure. The time required for a diffuse field to develop has been measured experimentally and predicted using a statistical model.
EXPERIMENT AL PROCEDURE Experimental Eguipment
The aim of the experimental work is to observe the behaviour of structures which are excited by a repeatable, weil defined source. The response of the structure is measured over a large number of surface locations. If the wave field is truly diffuse, the measurements made at alllocations will contain identical energy.
Conical PZT transducers, similar to the NBS design [6] , have been manufactured especially for this project. For the purposes of these experiments these transducers have several important advantages over more conventional transducers. The small face diameter of lmm can be approximated as a point (the shortest wavelength used was 6mm). This reduces the aperture effects which Iimit the bandwidth of larger diameter transducers and makes them equaily sensitive to waves arriving from ail directions. The coupling repeatability of these transducers is also extremely good.
The two structures used for the experiments were 5mm thick alumini um plates with plan dimensions 200mmx300mm. One plate was uniform and the other was machined to produce what is effectively two coupled structures joined by a thin Iigament. The plates were supported in each corner with small rubber feet.
The conical transducers were used to generate and receive the ultrasonic signals in a pitch-catch configuration. A signal generator was used to drive the transmitting transducer with a gated tone burst and the bandwidth, amplitude and centre frequency of the signal could be easily adjusted. The frequency response of the transducers has been measured using a wide band laser interferometer and has been shown to be within 3dB over a 10kHz to lMHz bandwidth which agrees weil with measurements reported by previous authors [7, 8] . As the source dimensions are small and the frequency content of the signal can be altered to have a similar bandwidth to a real AE event, the conical transducer makes a good approximation to an acoustic emission source.
Finite Element modeiling was used to predict the propagating waves generated by the conical transducer on a Smm thick aluminium plate with a 5 cycle tonehurst at 150kHz centre frequency. As expected, only the fundamental Lamb modes (So and Ao) were generated. The transducer configuration was found to be best suited to generation and reception of Ao due to the high out of plane displacement present in this mode at this frequency. The ratio of Ao to So generated in this case was found tobe 30:1. This ratio must be squared to obtain the combined transmit-receive response giving a relative sensitivity of 900: 1. The signal from the receiver was amplified using a 40dB wide band preamplifier and filtered with a 50kHz, two pole high pass filter. The signal was then demodulated prior to sampling using an analogue demodulator with a one millisecond time constant. Demodulation reduces the bandwidth of the signal allowing it to be sampled at a lower frequency whilst preserving the signal envelope. A LeCroy digital oscilloscope was used to sample the resulting signal envelope. The sampling period required to capture the entire signal envelope was 50ms. Figure 1 shows the experimental configuration.
Signal Processing
The area, peak amplitude and decay rate of the envelopes were measured in order to facilitate a quantitative comparison. The envelopes were fitted using an exponential decay function to calculate decay rate. The signal was truncated before curve fitting by taking the section between 25% and 75% of the totalreverberationtime as the beginning and end of the envelope are suspect and prone to errors [9] .
The decay fit was extrapolated back to the beginning of the signal and the amplitude of the function at zero time has been termed the time zero amplitude (TZA) as shown in Figure 2 . lt was hoped that this value would give a consistent indication of the initial source amplitude.
The diffuse field assumption states that the energy will be homogeneous, the phase variationwill be random across the structure (i.e. no standing waves) and the directional distribution of the waves will be random. The measured amplitude and area under the envelopes were taken to be indicative of the energy density at the measurement location. Determining whether the field is diffuse is then simply a case of mapping the variation of these parameters across the surface of the structure. Additionally if the field is diffuse the decay rate of the signal will be the same at every location.
Measurement of Experimental Errors
Before assessing the variation of signal strengths measured at different locations on a structure it is first important to get an indication of the errors associated with each step of the measurement protocol. The major errors are expected to be caused by errors in setting the zero of the signal introduced during the curve fitting stage, damping variations caused by relocating the receiver, and random variations of receiver recoupling at a single location. Each of these possibilities has been examined individually and a description of each test is given below. The standard deviations are presented in Table 1 as the percentage of the mean value. Firstly the errors associated with the signal processing were examined. The most likely cause of errors is in the zeroing of the signal, which is done by eye, and can affect the area and maximum amplitude measurements. Zeroing and signal processing were applied to an identical signal ten times and the variation of the signal amplitude and area measured.
Secondly the effect of transducer location on the damping of the structure was tested. The position of the receiving transducer has been shown to affect the damping of the entire structure when using standard AE transducers [10] . This change in damping, if present in the current tests, would affect the decay rate and area measurements. This effect has been examined by using a third transducer, identical in construction to the source and receiver. This dummy transducer was then moved to various random locations on the structure without disturbing the source or receiver. Thus, the effect of an additional transducer could be studied without affecting the coupling or location of the source and receiver. Tests were performed with the dummy transducer at ten locations.
Thirdly, the coupling repeatability of the receiverwas examined by taking ten measurements, each time removing and recoupling the receiver at the same location.
Damping changes caused by the location of an additional transducer are appreciable and similar results were reported in [9] . The reason for this effect is not entirely clear as the plate is of uniform cross section and the tield is diffuse, as demonstrated in the next section. A possible reason for this is the increased damping caused by the variation of load on the supporting rubber feet.
The time zero amplitude (TZA) showed poor repeatability as compared to area and maximum amplitude measurements. TZA predictions have proved to be extremely sensitive to subtle changes in the signal envelope and have consequently not been used any further.
The area measurements are most consistent, showing a standard deviation of 3.25% even after recoupling of the receiver. This result demonstrates the repeatability of the coupling which is possible with the conical transducers. This consistently allows quantitative measurements to be made of signal amplitude at multiple locations on a structure.
EXPER~ENTALRESULTS

Diffuse Field Veritication in a Reetangular Plate
Experiments were carried out to determine whether a diffuse tield can be generated within the uniform plate described previously. The source transducer was attached to the central region of the plate on the underside, taking care not to mount it in the exact centre. Measurements were taken at 63 locations over the top surface of the plate including some locations very close to the source.
Locations directly opposite the source were found to give higher readings of both area and maximum amplitude compared to the rest of the structure. This phenomenon was analysed in more detail by taking readings between 0 and 20mm from the source at 5mm increments. The results of these measurements are shown in Figure 3 . Four measurements were taken at each radius at 90° intervals. The results show that the maximum amplitude measurements are affected if the source is within 4 plate thicknesses (20mm) of the measurement point. The area measurements are less strongly affected, retuming to the diffuse level when only one plate thickness (5mm) from the source. It seems likely that these higher amplitudes are caused by bulk waves reverberating through the thickness of the plate. This energy will be trapped in the plate section directly beneath the source until damped away.
-. --------------------, -6
--MaJUnrum ---Area The measurements taken at locations over the remainder of the structure were extremely consistent. Standard deviations of the maximum amplitude and area measurements were 16.6% and 7.13% respectively. The experimental errors discussed in the previous section are included in these measurements. The area measurements have been shown to be more consistent than the maximum amplitude measurements as they are not so sensitive to the amplitude of the first wave arrivals at the receiver. This result demonstrates that the diffuse field approximation is valid even for a potentially resonant structure like a reetangular plate.
Diffuse Field Verification in a Simple Coupled Structure
The analysis of coupling between subsystems is essential if diffuse field methods are to be used on real structures. Real structures can generally be approximated to assernblies of components, each component being acoustically coupled to one or more others. There are several physical types of coupling which are routinely present such as joints, abrupt bends and changes in section. Initially a simple case has been studied.
A plate was machined to the dimensions shown in Figure 4 . The remaining ligament is acting as the coupling element between the two plane regions (substructures). The through-thickness symmetry of the system means that there is no mode conversion between the symmetric and asymmetric Lamb modes present. Coupling between the substructures is assumed to be proportional to the remaining width of the plate, and in this case as the remaining ligament is 2.5% of the width of the entire plate the coupling is assumed to be 2.5%. This coupling factor is assumed tobe the percentage transmission of energy per reflection and it is therefore necessary to calculate the nurober of wall reflections per second or the mean reflection frequency [11] . For the plate system described this was calculated by dividing the group velocity of the propagating mode (Ao) by the average of the length and width of the plate giving a reflection frequency of 16kHz. The group velocity of Ao was calculated using software developed at Imperial College [12] .
Experiments were carried out to ascertain whether this structure behaves in a diffuse manner. The source transducer was permanently attached to the central region of one substructure and measurements were taken at 10 locations on each substructure. These 10 measured envelopes were compared and found tobe consistent across each individual substructure. The responses from each substructure were then averaged and this average envelope was used to define the response of the substructure. Figure 5 shows a comparison of the substructure responses.
Initially the envelope shapes are quite different as one would expect, the rise of the signal on the source side (near side) being much morerapid than that on the far side. The envelopes come together after 3ms and follow broadly the same decay curve. This indicates that the energy partition between the substructures is uniform after 3ms which demonstrates the time taken for a diffuse field to develop in this structure. The time taken in this case corresponds to 50 transits of the waves across the plate. Measurements of the time taken for the establishment of a diffuse field have not been reported previously; instead an assumption was made that 20 wave transits were sufficient foraplane structure [9] .
THEORETICAL PREDICTIONS
Statistical energy analysis has been used to model the structure described in the previous section. SEA is a method by which the acoustic response of a structure is considered as the balance of dynamic energy flow between groups of resonant modes. Energy terms are regarded as statistical averages of the responses of each substructure. Statistical methods are valid in cases where the frequency is high and many structural modes exist within the bandwidth of interest [13] . This is true of the experiments which have been discussed in the preceding sections, the first structural mode of the plate being 450Hz. With an excitation bandwidth of 200kHz there can be expected to be in excess of 450 structural modes present The purpose of this analysis is to determine the time taken for a uniform energy partition to be reached and to compare this with the results presented in the previous section.
Before continuing to develop an SEA model it is ftrst necessary to examine the assumptions which have been made. The primary assumption is that the energy in each individual substructure is evenly distributed and can be described by an average energy level, this assumption has been validated by the experimental work. Energy transfer between substructures is assumed to be govemed by the energy difference between them and the coupling factor. This is broadly analogous to heat conduction.
Structures having multiple substructures become difftcult to model analytically due to the complexity of the equations. A better method is to use an iterative solution [13] . Consider a structure consisting of two substructures which we will call 1 and 2. The total energy in these substructures may be approximated to
where n is the mean reflection frequency in Hz; E is the mean energy in each subsystem; 7] 12 is the coupling factor from 1 to 2 per reflection and 71J is the damping loss per second in substructure 1. Equation (I) states that the energy change in subsystem 1 is equal to the energy exchanged between subsystems 1 and 2 due to coupling and the energy lost due to damping. Predictions obtained using an exact solution [14] were compared with Equation (1) for the same boundary and initial conditions and showed perfect agreement.
Using this model predictions were made of the energy flow generated in coupled plates identical tothat tested in the previous section. In this case the reflection frequency, damping and coupling factors were identical for each subsystem due to the symmetry of the system. The coupling factor was 2.5% and the dominant propagatlog mode was Ao. finite element predictions having shown this to be a good assumption. The initial energy in subsystem 1 was set to 1 (arbitrary units) and that in subsystem 2 was set to zero, thus modeHing the case where the source is positioned in subsystem 1. The measured damping loss factor was used in the model to more closely match the experimental results.
The results from this model can be seen in Figure 6 . As expected the energy levels in the subsystems coincide gradually and decay together with the energy equally distributed between them. This equal distribution is reached provided that the two subsystems are the same size. The predicted time taken for this equipartition of energy to occur is 5ms as compared to 3ms for the experimental measurements. The agreement between the experimental and theoretical results is encouraging considering the gross assumptions which have been made. Using this model it should be possible to predict under what conditions the diffuse fteld approximation is valid. 
DISCUSSION AND CONCLUSIONS
The wave field within a uniform reetangular plate has been shown to be diffuse on the basis of area measurements. The standard deviation of measurements taken over the plate surface was 7.13%. The effect ofthe location ofthe receiver on the area measurements has been shown to be significant only if the receiver is within I plate thickness (5mm) of the source location. The effect of recoupling caused by repositioning the receiving transducer has been measured and shown to be less than expected, the area measurements showing a standard deviation of 3.25% over I 0 recouplings. Maximum amplitude measurements have been found to be more sensitive to the location of the receiverrelative to the source. This effect is significant if the receiver is within 4 plate thicknesses (20mm in this case) of the source.
A structure consisting of two identical coupled plates with an estimated coupling factor of 2.5% has been examined experimentally. The results have shown that after 3ms (50 transits across the individual plates) the energy is equally partitioned between them, thus demonstrating that in practice even lightly coupled structures can behave in a diffuse manner. A statistical energy analysis model has been used to predict the response of the coupled structure. The results obtained are similar to those measured giving a time of 5ms for the equipartition of energy to occur.
Structural damping is an important consideration which must be addressed if the diffuse field approximations are to be applied to general structures. As demonstrated, diffuse fields take time to develop and the damping must therefore be low enough to allow the reverberationtime to exceed this development time. The effects of damping and coupling can be effectively modelled using statistical energy analysis.
The experimental results have shown the diffuse field approximation to be valid for the structures tested. The geometry of the plates tested was kept deliberately uniform and symmetric in an attempt to explore the limits of the applicability of the diffuse field approximation. The results are particularly encouraging as real structures will in general be less symmetric and so more suitable to this kind of analysis. Effects such as scattering and dispersion will further encourage the development of a diffuse field.
